Background: Low blood vitamin D concentration is a concern for people living in circumpolar regions, where sunlight is insufficient for
Introduction
Cholecalciferol (vitamin D 3 ) deficiency is linked to increased risk of multiple illnesses, including bone demineralization, rickets, multiple sclerosis, cardiovascular disease, colon cancer, some types of breast and prostate cancers, type 1 and 2 diabetes, respiratory infections, influenza, active tuberculosis, and depression (1) (2) (3) (4) ] in serum or plasma is used as the primary indicator of vitamin D sufficiency (5, 6) . Although there is some controversy (7) , the Institute of Medicine considers a serum concentration of <12 ng/mL (30 nM) to be deficient, 12-20 ng/mL to be insufficient, and >20 ng/mL (50 nM) to be sufficient (8) . Sun exposure, diet, age, gender, BMI, disease status, and use of some drugs have been associated with serum/plasma 25(OH)D concentrations (5, 9) . The heritability of vitamin D concentrations has been estimated at 29-80%, with known genetic variants explaining only 1-4% of that variation (5, (10) (11) (12) (13) . Specifically, common noncoding variants in cytochrome P450 family 2, subfamily R, peptide 1 (CYP2R1), which encodes the enzyme that hydroxylates vitamin D into 25(OH)D; in 7-dehydrocholesterol reductase (DHCR7), which encodes the enzyme that modulates the amount of vitamin D precursor in the skin for synthesis with sunlight; and in vitamin D binding protein (GC), which encodes the vitamin D binding protein, have been associated with serum 25-hydroxycholecalciferol [25(OH)D 3 ] concentration (1, 14, 15) . Indeed, a haplotype of DHCR7 that is thought to reduce enzyme function has been found more commonly in northern latitudes and is suggested to confer an evolutionary advantage (15) .
Vitamin D deficiency is a public health concern in Alaska and is increasingly prevalent among Alaska Native (AN) infants and children. Hospitalization due to rickets occurs more frequently than in the general United States and at a rate of 2.23/100,000 children per year (16, 17) . Cancer, also associated with vitamin D deficiency, is the leading cause of death among AN people (4, 18) . Colon cancer is of particular concern to the YupÕik people in the Yukon-Kuskokwim River Delta (Y-K Delta) and had an overall incidence in AN people of 102.6 per 100,000 for all years combined between 1999 and 2004 (19) , with a relative rate of incidence of 2.03, compared with an overall incidence of 50.6 per 100,000 for non-Hispanic white people living in the same regions (19) .
For the YupÕik people who live in the Y-K Delta of rural southwestern Alaska, adequate vitamin D may be obtained from the traditional diet, including fish, marine mammals, liver, and other organ meats (20) . In a study of YupÕik communities in the Y-K Delta conducted between 2003 and 2005, the mean serum 25(OH)D 3 concentration was twice the threshold for sufficiency, and it was estimated that 90% of vitamin D came from traditional food sources (20) . However, reduced consumption of locally harvested foods may lead to increased rates of 25(OH)D deficiency in these communities (20) (21) (22) . To better understand dietary, genetic, seasonal, and demographic factors that affect circulating 25(OH)D 3 concentrations, we conducted a cross-sectional study in this population that included analysis of variants in CYP2R1, DHCR7, and GC; serum 25(OH)D 3 concentrations and the RBC d 15 N value, a validated biomarker of the marine-based diet in this population (23) (24) (25) . Of particular interest for potential public health utility was the contribution of diet, genetic variation, and season on differences in serum 25(OH)D 3 concentrations.
Methods
Research approval. This study emerged from a partnership between the University of Washington (UW), the University of Alaska Fairbanks Center for Alaska Native Health Research, the Yukon Kuskokwim Health Corporation (YKHC), and YupÕik communities in the Y-K Delta. The research questions were developed with Y-K Delta communities in partnership with the Center for Alaska Native Health Research under a community-based participatory research framework (26) . Approval for research was received from the YKHC Executive Board of Directors and the University of Alaska Fairbanks institutional review board, as well as the UW institutional review board. This study was granted a Certificate of Confidentiality by the National Institute of General Medical Sciences to protect participant information.
Study population. The Y-K Delta in southwestern Alaska is home to ;23,000 people, 85% of whom are self-identified AN, and who live predominantly in remote communities and obtain health care through the YKHC (27) . A total of 743 male and female research participants aged $14 y were recruited for the study between September 2009 and December 2013 through written and oral advertisement. They represent convenience sampling from 10 communities in the Y-K Delta.
Sample collection and processing. Fasting venous blood samples were collected from each participant for isolation of RBCs, plasma, serum, and DNA. Blood was collected into silica-coated K2 EDTA tubes (BD Vacutainer) and centrifuged (900 3 g, 15 min) at room temperature. Buffy coats were incubated with Puregene RBC Lysis Solution for 10 min and centrifuged again (1800 3 g, 10 min) at room temperature. White blood cells were then resuspended in 10 mL Puregene Cell Lysis Solution until DNA purification by using the Gentra Puregene kit (Qiagen). Serum was isolated from blood collected in a BD red-top Vacutainer and transferred to amber tubes for 25(OH)D 3 analysis (Becton Dickinson). All samples collected in the field were stored in aliquots at 215°C in a portable freezer while on site and then shipped to the University of Alaska Fairbanks within 7 d and stored at 280°C. Isolated DNA and serum were subsequently sent to UW for genetic and vitamin D analysis.
DNA isolation and genetic analysis. The CYP2R1 single nucleotide polymorphisms (SNPs) genotyped were rs2060793, rs10741657, rs1993116, and rs11023374. The 4 SNPs informing DHCR7 haplotypes were rs12785878, rs3794060, rs12800438, and rs4944957. The 2 SNPs informing GC haplotypes were rs4588 and rs7041. These SNPs were chosen on the basis of previous association with 25(OH)D concentrations (10) (11) (12) (13) 15) . For CYP2R1 genotyping, DNA samples were analyzed on 96.96 Dynamic Genotyping Arrays (Fluidigm) according to the manufacturerÕs established protocol for BioMark 96.96 genotyping, as described in Fohner et al. (28) .
For determining DHCR7 and GC haplotypes, DNA samples were genotyped by using predesigned 5#-nuclease SNP genotyping assays (Applied Biosystems/Life Technologies), which use specific fluorogenic probes. The fluorescent 5#-nuclease assays were performed and analyzed on an ABI 7900HT Fast Real-Time PCR System (Applied Biosystems). The specific PCR reaction conditions were based on the general guidelines provided by the manufacturer and incorporated 10-25 ng genomic DNA template. Thermocycling parameters consisted of an initial incubation at 95°C for 10 min, followed by 40 cycles of 92°C for 15 s and of 60°C for 1 min. Haplotypes in GC were calculated by using PHASE software version 2.1 (29, 30) . Haplotype nomenclature was based on Powe et al. (31) .
Pairwise r 2 linkage disequilibrium (LD) patterns between the CYP2R1 SNPs and the DHCR7 SNPs were calculated by using Haploview 4.2 software (32). All SNPs were tested for deviations from Hardy-Weinberg equilibrium by using a chi-square test, with a significance level of 0.05. To calculate population frequencies of the SNPs in CYP2R1, DHCR7, and GC, genealogic information contained in pedigrees was used to create a matrix of pairwise kinship coefficients between each participant, as described in Bourgain and Zhang (33) . Estimates of population frequency and variance with adjustment for relatedness between sample individuals were obtained by using the best linear unbiased estimator for allele frequency (34) . Statistical analysis for allele frequency estimation was performed by using R statistical computing language (35) .
RBC nitrogen isotope ratio analysis. RBC nitrogen isotope ratios were prepared as described in OÕBrien and colleagues (23, 36) Figure 1) .
Regression of serum 25(OH)D 3 concentration against each genotype at each SNP was performed to determine which, if any, CYP2R1 or DHCR7 SNPs or whether GC haplotype or specific SNPs should be included in association analysis as an additive or recessive variant model. Each SNP was evaluated separately in a linear regression model and by an ANOVA test with serum 25(OH)D 3 concentration. Genotypes were also tested in each season to assess any seasonal variation in genetic contribution. Only the genotype at rs11023374 in CYP2R1 was included for analysis, following a recessive inheritance model of the variant allele. SNPs in GC were analyzed independently and as haplotypes for their association with serum 25(OH)D 3 concentration. Both GC SNPs at rs7041 and rs4588 were found to be significant predictors of serum 25(OH)D 3 concentrations in other populations and so were included in regression analysis as haplotypes. Because of low DNA quantities for GC genotyping, some samples are missing GC genotype. To avoid losing power in analysis of other covariates, GC haplotypes were analyzed separately from the full regression model.
Kinship adjustment and summary statistics. A kinship correlation matrix based on pairwise familial relationships was used to adjust for correlated serum 25(OH)D 3 concentrations among sample individuals in an association analysis with a linear mixed-effects model. The pedigree information on the YupÕik participants was used to create a kinship correlation matrix with the Coxme R package (40) , and the kinship matrix was incorporated in a linear mixed-effects regression analysis that was performed by using the lmekin function from the same package.
Correlations with serum 25(OH)D 3 concentration. To determine associations with serum 25(OH)D 3 concentration, a maximum likelihood mixed-effects multiple linear regression analysis was performed. To avoid spurious associations, the kinship correlation matrix was included to account for the random effects of the nonindependence of samples resulting from any familial relationships. The fixed effects of the model included cofactors found to be significantly associated with serum 25(OH)D 3 concentration in previous studies (14, 20, 41) . These included age (stratified by NHANES age categories), gender (binary), BMI (continuous), yearly quarter of sample collection (factored), recessive CYP2R1 rs11023374 genotype (binary), and log 10 (d 15 N value) (continuous, by a unit of 0.1). Inland or coastal geography of each community was also included as a binary variable. The previously mentioned lmekin function in the Coxme R package was used to evaluate the mixed-effects model with the use of maximum likelihood analysis (40) . For this exploratory analysis, covariates were determined as predictors of serum 25(OH)D 3 concentration if the significance of its coefficient surpassed P < 0.05. Samples that were missing data were excluded.
Sinusoidal model analysis. Linear regression with a subset of unrelated participants. A subset of 526 unrelated participants was selected by removing individuals from the kinship matrix who were related to others by the third degree or closer. Simple linear regression with only these participants was performed by using R (35) to determine variability in serum 25(OH)D 3 concentrations attributable to covariates. t tests were used to compare the demographic characteristics of the unrelated subset to the full data set.
Results
Population demographic characteristics and summary statistics. The complete data set included 743 individuals; their demographic characteristics and summary statistics are described in Table 1 Overall, 22.9% of participants had serum 25(OH)D 3 concentrations below the 20-ng/mL threshold for insufficiency, as defined by the Institute of Medicine. Among participants in the lower half of nitrogen isotope ratios, 34.8% had insufficient serum 25(OH)D 3 concentrations, whereas among participants in the upper half of nitrogen isotope ratios, only 8.7% were insufficient. CYP2R1, DHCR7, and GC population genotyping. The frequencies of minor alleles at each SNP in this YupÕik study population are listed in Supplemental Table 1 , adjusted for kinship between study participants. The association of each SNP with serum 25(OH)D 3 concentration is also shown. The SNP rs11023374 in CYP2R1 was significantly associated with serum 25(OH)D 3 concentrations (P = 0.009), as were both the rs4588 (P < 0.0001) and the rs7041 (P = 0.011) SNPs in GC. No other SNPs were significantly associated with serum 25(OH)D 3 concentration. Season did not modify the association of any SNP with serum 25(OH)D 3 concentration. All of the SNPs were in Hardy-Weinberg equilibrium.
Three SNPs in CYP2R1-rs10741657, rs2060793, and rs1993116-were in high LD in this YupÕik study population (r 2 = 0.97). The same 3 SNPs were in moderate LD with the fourth SNP, rs11023374 (r 2 = 0.35) (Supplemental Figure 3A ).
An LD block reported for other populations (15) was also seen with the 4 SNPs informing the DHCR7 haplotypes: r 2 between 0.94 and 0.97 for all pairwise comparisons of all 4 SNPs (Supplemental Figure 3B) . The haplotype associated with lower DHCR7 activity was identified at 48.3% in the sample (Supplemental Table 2 ). The GC SNPs at rs7041 and rs4588 were in moderate LD (r 2 = 0.30), but the GA haplotype (alleles found at those 2 positions) was identified in only one individual. fluctuations in serum 25(OH)D 3 concentrations (42) (Supplemental Figure 4) , the predicted mean serum 25(OH)D 3 concentration for YupÕik participants was 30.3 ng/mL (95% CI: 29.5, 31.2 ng/mL) over the course of the year, with a peak to trough difference of 15.9 ng/mL (95% CI: 12.5, 19.3 ng/mL). This model predicted a mean minimum concentration of 22.4 ng/mL and an average maximum concentration of 38.3 ng/mL throughout the year. The R 2 of the fit was 0.11, indicating other significant sources of variation, but was consistent with the fit found in populations used in the development and validation of the model (43) . Including diet as a covariate in the model improved the fit, with R 2 = 0.29. Including age as a covariate in the model improved the fit, with R 2 = 0.45. Twenty-four samples were excluded from the model due to missing 25(OH)D 3 data.
Higher vitamin D intake, as evaluated by splitting the data set at the median n-3 FA biomarker value [log 10 Age and log 10 (d 15 N value) were independently associated with the fit of the sinusoidal model (P < 0.0001), because both covariates were significant in the regression model that included both variables as predictors. Gender (P = 0.10) was not significantly associated with serum 25(OH)D 3 concentration, but recessive genotype at rs11027334 (P = 0.03), coastal compared with inland geographic location of the community (P = 9 3 10 23 ), rs4588 genotype (P < 0.0001), and rs7041 genotype (P = 6 3 10 23 ) were significantly associated with lower yearly mean serum 25(OH)D 3 concentrations in the sinusoidal model. Seasonal analysis. Participants were divided into seasonal quartiles on the basis of the distribution of serum 25(OH)D 3 concentration over the course of a year. Peak serum 25(OH)D 3 concentrations occurred in September and the trough was in March, as determined from a fit of the sinusoidal model. This result yielded a seasonal breakdown of low serum 25(OH)D 3 concentrations in February, March, and April; increasing concentrations in May, June, and July; high concentrations in August, September, and October; and decreasing concentrations in November, December, and January. These divisions reflect the 6-wk lag time after seasonal patterns of sunlight exposure (45, 46) .
Associations of covariates with serum 25(OH)D 3 concentration.
On the basis of the significance threshold of P < 0.05 in a linear mixed-model regression, log 10 (d 15 N value), age, gender, BMI, community location, homozygosity of the variant allele at CYP2R1 rs11023374, and season of blood draw were all significantly associated with serum 25(OH)D 3 concentration after accounting for the kinship coefficients between participants ( Table 3) . On the basis of proportional variability explained by the kinship matrix, the heritability of serum 25(OH)D 3 concentration in these study participants was estimated to be 0.46 after adjusting for age, diet, BMI, season, and community effects.
Associations with serum 25(OH)D 3 concentration based on maximum unrelated subjects. In multiple linear regression that included only the 526 unrelated participants, age, log 10 (d 15 N value), season, gender, BMI, community location, and genotype at CYP2R1 rs11023374 were found to be significantly associated with serum 25(OH)D 3 concentration. These unrelated participants are representative of the entire data set (Supplemental Table 3 Repeating the full model linear regression with a subset of unrelated samples that had genotypes for the 2 SNPs in GC (n = 438), the TA haplotype was significantly associated with serum 25(OH)D 3 concentration (P = 1.4 3 10 24 ) compared with the reference haplotype GC, but the other 2 haplotypes (GA and TC) were not significantly associated with serum 25(OH)D 3 
concentration among the YupÕik study participants (31.0 6 0.1 ng/mL) was higher than the mean reported for many populations (47), including healthy individuals living at lower latitudes (25.1 6 0.4 ng/mL) (43), who would arguably have greater opportunity to synthesize vitamin D from sunlight throughout the year. A greater intake of traditional foods rich in fats from marine mammals and fish, as measured by log 10 (d 15 N value) validated with 24-h diet recalls, was associated with a higher serum 25(OH)D 3 concentration in the YupÕik study population (25, 48, 49) . Not surprisingly, diet appears to be a more important source of vitamin D than the seasonal contribution of sunlight in the YupÕik population, with older participants consuming more of the traditional foods rich in vitamin D (50) . Although the direction of the association varies by region (47), serum 25(OH)D 3 concentration has been associated with age in other populations and has been linked to age-related lifestyle differences that affect the amount of time outside and exposed to sunlight (47) . Because the association with age is found in the YupÕik study participants, even after adjusting for diet, there are likely agerelated differences in lifestyle and diet that are not being captured in this study. Age may track aspects of the traditional diet that are not captured well by d
15 N, such as consumption of seal oil, which contains no nitrogen.
Although SNPs in CYP2R1 have been associated with serum 25(OH)D 3 concentrations in other populations, only rs11023374 was associated with serum 25(OH)D 3 concentrations in the YupÕik study participants. The SNP rs11023374 was in weaker LD compared with the other SNPs, suggesting that it may be more closely linked with the causal variant. The strong LD patterns between the other SNPs are similar to what has been found in other populations (1, 13) . Even so, genotype at rs11023374 accounted for only 1.5% of variability in serum 25(OH)D 3 concentrations. Furthermore, the DHCR7 haplotype associated with increased production of vitamin D from sunlight was found at a lower frequency in the YupÕik participants than in other populations living at northern latitudes (15) , and none of the SNPs informing DHCR7 haplotypes were associated with serum 25(OH)D 3 concentration. These results suggest that the haplotype does not confer a particular advantage for maintaining vitamin D concentrations in this population and that dietary sources were sufficient historically, or that LD with causal SNPs was broken. The largest genetic contribution to serum 25(OH)D 3 concentration was the haplotype from the 2 nonsynonymous coding SNPs in GC (encodes the plasma vitamin D binding protein), which explained an additional 2.8% of variability. As in other populations, only 3 of the 4 possible haplotypes were found in the YupÕik study participants (31) . Although the contribution of these 10 genetic variants was found to be minor, the heritability estimate of 0.46 for serum 25(OH)D 3 concentration suggests that uncharacterized genetic variation should still be considered for associations with disease risk and vitamin D status. Although the heritability estimate must be interpreted with caution, because it does not account for the shared environment of participants, it suggests that CYP2R1, DHCR7, GC, and other candidate genes in the vitamin D pathway (10), should be sequenced to identify any novel variation or LD patterns in the YupÕik population.
Consistent with the results of the regression analysis, modeling results indicated that greater consumption of the traditional diet provides sufficient vitamin D concentrations over the entire year. Although the specific source may vary by season, traditional marine foods are available year round, either fresh, frozen, or dried, as indicated by the consistency of the dietary marker throughout the year. However, the traditional diet of fish, marine mammals, birds, land mammals, and berries is being replaced by nutrient-poor imported foods in many indigenous arctic communities, especially among youth and young adults. Studies in Inuit communities in Nunavut, Canada, found similar patterns of decreased consumption of the traditional diet among younger generations and linked this transition with lower vitamin D concentrations and increased incidence of illnesses associated with vitamin D deficiency (4, 21) . Deviation from the traditional diet among younger individuals is prompting public health concern, because it is thought to increase the risk of illnesses associated with vitamin D deficiency. Future studies are needed to understand the health impacts of these dietary patterns and low vitamin D concentrations in YupÕik communities. In contrast to findings from other populations (51), female YupÕik participants had higher serum 25(OH)D 3 concentrations than did male participants, likely reflecting differences in traditional food intake estimated from d
15 N values (24) . After adjustment for diet, however, male participants had higher concentrations of serum 25(OH)D 3 , likely because of spending more time outside. Whereas nitrogen isotope ratios were higher in coastal communities and in women, suggesting greater intakes of traditional marine foods, participants from inland communities had higher concentrations of serum 25(OH)D 3 and community location explained 6.4% of serum 25(OH)D 3 concentration variability. One possible explanation is that certain foods, such as lush fish (a white fish, also known as Burbot, found in local rivers), have higher vitamin D content in relation to d
15 N value and are consumed more frequently in inland communities.
Strengths of this study are that it combined dietary, genetic, seasonal, and demographic measures to more completely characterize sources of variability in serum 25(OH)D 3 concentrations and risk of vitamin D deficiency in a population with highly variable serum 25(OH)D 3 concentrations and who are experiencing a transition in dietary patterns. Moreover, it used an objective measurement of dietary intake of vitamin D and sampled concentrations throughout the year in a region with drastic changes in sunlight availability. A limitation of this study is that it did not evaluate sources of vitamin D 2 , such as supplementation in market foods, which would contribute to overall vitamin D status and to the risk of deficiency and insufficiency. Other important limitations of these data are that they are cross-sectional and that we have not directly measured sunlight exposure. A longitudinal study is needed to confirm the seasonal variation in serum 25(OH)D 3 concentration within individuals, although this variation would be expected on the basis of studies in other populations (42, 43) . Furthermore, due to convenience sampling, the data set contains an abundance of samples collected in transition seasons between maximum and minimum annual serum 25(OH)D 3 concentrations (May-July and November-January) and has especially undersampled the low season (February-April). As a result, mean serum 25(OH)D 3 concentrations may be skewed high.
In summary, mean serum 25(OH)D 3 concentrations were high relative to other populations and were highly correlated with dietary sources of vitamin D; however, they were also highly variable, with a larger portion of younger people insufficient and deficient for vitamin D concentrations compared with older participants. A public health campaign to raise awareness about potential health benefits of a traditional diet could possibly increase mean serum 25(OH)D 3 concentrations and maintain stability during periods of low sunlight exposure. Efforts to increase serum 25(OH)D 3 concentrations could also help reverse recent increases in the incidence of vitamin D deficiency, such as among young pregnant women in AN communities, who are seeing a re-emergence of illnesses associated with vitamin D deficiency (16) . Although supplementation and fortification of foods with vitamin D may reduce the risk of vitamin D deficiency in the YupÕik population (4), the promotion of a traditional diet could be more accessible and affordable, as well as have positive health impacts that go beyond increasing vitamin D concentrations in these communities.
